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Abstract
Gold nanoparticles are emerging as promising biomedical tools due to their unique nanoscale characteristics. Our
purpose was to synthesize a hollow-shaped gold nanoparticle and to investigate its effect on human aortic endothelial
cells (HAECs) in vitro. Hollow gold nanoshells with average 35-nm diameters and 10-nm shell thickness were obtained
by galvanic replacement using quasi-spherical nanosilver as sacrifice-template. Our results showed that hollow gold
nanoshells in the culture medium could be internalized into the cytoplasm of HAECs. No cytotoxicity effect
of hollow gold nanoshells on HAECs was observed within the test concentrations (0–0.8 μg/mL) and test
exposure period (0–72 h) by tetrazolium dye assay. Meanwhile, the release of cell injury biomarker, lactate
dehydrogenase, was not significantly higher than that from control cells (without hollow gold nanoshells).
The concentrations of vasodilators, nitric oxide, and prostacyclin I-2 were not changed, but the vasoconstrictor
endothelin-1 was decreased by hollow gold nanoshells treatment in HAECs. HAECs exposed to hollow gold
nanoshells resulted in suppressing expressions of genes involved in apoptosis and activating expressions of
genes of adhesion molecules. Moreover, we demonstrated by in vitro endothelial tube formation that hollow
gold nanoshells (0.8 μg/mL) could not inhibit angiogenesis by the HAECs. Altogether, these results indicate
that the structure and major function of HAECs would not be disrupted by hollow gold nanoshell treatment.
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Background
Metal nanoparticles are made of elemental metals and
their oxides and compounds, such as iron, silicon,
zinc, silver, and notably gold nanoparticles [1]. Gold
nanoparticles have been applied for diagnostic imaging,
vaccines, biosensing, cancer therapy, and drug delivery.
The engineered gold nanoparticles can be well controlled
for appropriated usage. Different forms of gold nanoparti-
cles, such as gold nanospheres, gold nanorods, silica/gold
nanoshells, and hollow gold nanospheres, have been
synthesized with special optical and electric properties [2].
With the studies of gold nanoparticles synthesis, modi-
fication, and application, focus is given on the interac-
tions between the nanoparticles and the cells. The
unique, tunable, and versatile physicochemical properties
of nanoparticles, such as the size, shape, and surface
modifications, directly influence the nano-bio inter-
action, including cellular uptake, intracellular trafficking,
and toxic response [3]. Once inside the human body via
the skin, lung, and digestive system, the nanoparticles
often penetrate the barriers, enter the bloodstream, and
directly interact with the vascular endothelial cells (ECs).
Vascular ECs form the inner lining of all blood vessels
and possess vital synthetic, secretory, metabolic, and
immunological functions. The arterial and venous systems
of the cardiovasculature function differently. So, it is not
surprising that the arterial and venous endothelial cells are
also distinct. Previous studies have shown that the specifi-
cation of arterial and venous identity is largely genetically
determined [4, 5]. The dysfunction of arterial endothelial
cells is a hallmark of many pathologic states including
atherosclerosis and diabetes mellitus [6].
Previous studies demonstrated the high impact of the
shape, size and surface charge of gold nanoparticles on
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endothelial cells viability and internalization [7]. The
elongated shape of gold nanoparticle rods and positive-
charged surface (NH2, CyA) leaded to strong reduction
in cell viability. The endocytotic pathway is probably a
size-dependent process with caveolae-mediated uptake
of gold nanoparticles around 20 nm and clathrin- or
macropinocytosis-mediated internalization of gold nano-
particles greater than 40 nm [7]. Others demonstrated
that the main parameter in the evaluation of the gold
nanoparticles toxicity on endothelial cells was the rough-
ness of gold nanoparticles [8], and this effect was
independent [8] or dependent [9] on the surface chemistry.
Most of the studies employed venous endothelial cells, such
as human umbilical vein endothelial cells (HUVECs),
to evaluate the biocompatibility of nanoparticles on
endothelial cells [10–13]. In this study, we success-
fully synthesized naked hollow gold nanoshells by
galvanic replacement using quasi-spherical silver
nanoparticles as sacrifice-template. We assessed the
potential cytotoxic effect of the synthesized naked
hollow gold nanoshells on human aortic endothelial
cells (HAECs), which are cells derived from the
endothelium of artery from the human aorta.
Methods
Preparation of Hollow Gold Nanoshells
Hollow gold nanoshells were obtained by galvanic
replacement using quasi-spherical silver nanoparticles as
sacrifice-template. These silver nanoparticles were synthe-
sized by a seed-mediated route previously reported [14].
Briefly, 20 mL of 1 % (w/v) citrate solution and 75 mL of
water were added in a round bottom flask and the mixture
was heated to 70 °C and 1.7 mL of 1 % (w/v) AgNO3
solution was introduced to the mixture, followed by
adding 2 mL of 0.1 % (w/v) freshly prepared NaBH4
solution. The resulting silver nanoparticles (average 4 nm)
were used as seeds. Next, 2 mL of 1 % citrate solution was
mixed with 80 mL of water in a 250-mL three-necked
round bottom flask equipped with a reflux condenser and
brought to boiling by a heating mantle. Three milliliters of
the seeds solution was added while vigorously mechanical
stirring, followed by the addition of 1.7 mL of 1 % AgNO3
solution. Stirring continued for 1 h while keeping reflux
and cooled to room temperature. Water was added to
bring the volume to 100 mL.
Silver nanoparticles synthesized in this way with an
average size of 30 nm were used as sacrifice-template.
The procedure of fabricating hollow gold nanoshells was
as follows: a 30 mL of as-obtained silver nanoparticles
was centrifuged at 10,000×g per min for 20 min to
remove extra citrate or AgNO3 and redispersed by
deionized water to obtain a 100-mL colloidal solution.
This solution was brought to boiling under vigorously
mechanical stirring. Next, 2.0 mL of 2 mM HAuCl4 was
added dropwisely. After that, the reaction solution was
kept boiling until no color changes were observed. The
resultant solution was then allowed to cool to room
temperature under constant stirring.
Characterization of Hollow Gold Nanoshells
The morphology and structure of the resultants were
observed by scanning electron microscopy (SEM). SEM
images were obtained with a field emission scanning
electron microscope (Carl Zeiss) operated at 20 kV. The
samples were prepared by dropping the dispersion of hol-
low gold nanoshell products onto the piranha-processed
silicon wafer and dried in ambience. The average sizes of
as-obtained hollow gold nanoshells were measured from
about 100 particles to provide statistical significance. The
UV-vis extinction spectra were recorded by a Shimadzu
UV-3600 spectrophotometer in a range of 300–1100 nm.
The zeta potential of the hollow gold nanoshells was mea-
sured using a Malvern Zetasizer 3000HSA (Malvern
Instruments, Ltd.). The dispersibility of the hollow gold
nanoshells in solution was analyzed by a NanoSight
LM10-HSBF system (Malvern Instruments Ltd.)
HAECs Culture
HAECs were used for experiments at passages 2 to 5 in
this study to assure the fidelity and consistency of these
cells. HAECs were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, GIBCO, NY, USA) supplemented with
1 % endothelial cell growth supplement (M&C Gene
Technology, Beijing, China), 20 % fetal bovine serum
(GIBCO, NY, USA), 1 % heparin sodium, 1 % non-
essential amino acid solution (100×, Sigma-Aldrich, MO,
USA), 1 % L-glutamine (Sigma-Aldrich, MO, USA),
100 U/mL penicillin, and 100 μg/mL streptomycin
(Sigma-Aldrich, MO, USA). The cells were maintained at
37 °C in a humidified incubator with 5 % CO2.
Location of Hollow Gold Nanoshells in the HAEC
The transmission electron microscopy (TEM) analysis
was performed to observe whether hollow gold nanoshells
were taken up by the HAECs. The HAECs incubated with
0.8 μg/mL hollow gold nanoshells for 24 h were washed
with phosphate buffer solution (PBS) and routinely fixed,
dehydrated, and embedded. Ultrathin sections (80 nm)
were transferred to the 200-mesh copper grid, stained
with 5 % lead tetraacetate, air-dried, and then examined
with a TEM (JEM-1010) at 80 kV.
Cytotoxicity Evaluation
The cytotoxicity of hollow gold nanoshells on HAECs was
evaluated by the MTT assay (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide), which is a simple
nonradioactive colorimetric assay to assess cell viability
and cytotoxicity. In this study, HAECs were seeded on
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96-well plates at a density of 3 × 103 cells per well for 12 h
(about 60 % confluent). The hollow gold nanoshells,
diluted with culture medium at graded concentrations
from 0.008 to 0.8 μg/mL, respectively, were incubated
with HAECs for 24 h. In addition, HAECs were incubated
with 0.8 μg/mL hollow gold nanoshells for 4, 24, 48, and
72 h, respectively. After washing with PBS, the cells were
incubated with 200 μL MTT solution (Amresco, OH,
USA, 0.5 mg/mL in DMEM) at 37 °C for 2 h. Then, the
cells were washed twice with PBS, and dimethyl sulfoxide
(DMSO, Sigma-Aldrich, MO, USA) was added 150 μL per
well. The plates were placed for 15 min at room
temperature to dissolve the dyes, and then the absorbance
was examined at 595 nm by Ultra Microplate Reader
ELX808IU (BioTek Instruments, VT, USA) and cell
viability was calculated as a percentage of control cells
treated without hollow gold nanoshells. Each experiment
was repeated at least three times independently.
HAEC Injury Markers and Vasoregulators
Lactate dehydrogenase (LDH) is a cytoplasmic cellular
enzyme, which can be released to extracellular space
when the cell membrane is disrupted by pathological
conditions. Measuring the LDH concentration in super-
natant of cultured HAECs is therefore a good marker
for determination of cell membrane integrity [15]. Urea
transporters, located in endothelial cells, are respon-
sible for transporting extracellular urea into the cell.
Vasodilators (nitric oxide (NO) and prostacyclin I-2
(PGI-2)) and vasoconstrictors (endothelin-1 (ET-1))
can be released by ECs to regulate blood pressure
and blood flow. In this study, HAECs were co-cultured
with 0.8 μg/mL hollow gold nanoshells for 24 h. Then, the
cell culture supernatant was centrifuged at 8000×g, 4 °C
for 30 min to remove the rest nanoparticles and cell
debris. Supernatant LDH and urea were determined using
Olympus AU5400 automatic biochemistry analyzer. The
concentrations of ET-1, PGI-2, and NO in the supernatant
were measured by enzyme-linked immunosorbent assay
(ELISA) kits (Jiancheng, Nanjing, China), respectively.
Real-time PCR Analysis of HAEC Gene Expression
About forty genes related to apoptosis cascade, endo-
plasmic reticulum (ER) stress, oxidative stress, adhesion
molecules, and calcium handling proteins were detected
by real-time PCR. In this study, HAECs were incubated
with 0.8 μg/mL hollow gold nanoshells for 24 h. Total
RNA (300 ng) was reverse transcribed using the Prime-
ScriptTM RT reagent Kit, and then the complementary
DNA (cDNA) was amplified using SYBR Premix Ex
TaqTM according to the following cycle conditions: 30 s
at 95 °C for 1 cycle, 5 s at 95 °C, and 30 s at 60 °C for
40 cycles (AB 7900HT Fast Real-Time PCR system). All
real-time PCR reactions were performed in triplicate.
The housekeeping gene GAPDH was used as an internal
control. The fold changes of target genes expression
relative to those of control group were analyzed by the 2
−ΔΔCT method [16], divided into different ranges and
depicted as different colors.
Effects of Hollow Gold Nanoshells on HAECs Tube
Formation
To measure the effect of hollow gold nanoshells on
angiogenesis of HAECs, tube formation assay was
assessed by Matrigel basement membrane matrix [17].
In this study, 50 μL per well of Matrigel basement
membrane matrix (Becton Dickinson, Bedford, MA,
USA), which was used as extracellular matrix support,
was added to a 96-well plate and allowed to gel for
60 min at 37 °C. Then, HAECs were seeded at a density
of 1.5 × 104 cells per well on the surface of the gel with
or without 0.8 μg/mL hollow gold nanoshells and
incubated for 14 h at 37 °C in a CO2 incubator. Mean-
while, the high urea solution (6 M urea) was used as a
positive control for tube formation inhibition. The
cultures on the gel were fixed for 10 min in 25 %
glutaraldehyde, washed, and stained with Mayer’s
hematoxylin. Each well was inspected under a light
microscope at ×100 magnification and captured more
than three pictures from different visual fields.
Statistical Analysis
The data were represented as mean ± SD of more than
four independent experiments. Statistical analysis was
performed using one-way ANOVA followed by post hoc
tests. A value of p < 0.05 was considered statistically
significant.
Results and Discussion
Characterization of Hollow Gold Nanoshells
The morphology and structure of the hollow gold
nanoshells were observed by SEM. Figure 1a shows the
average diameter of hollow gold nanoshells is 35.6 ±
3.6 nm (n = 100). The narrow size distribution can avoid
the difference of size effect. Figure 1b shows the compari-
son of UV-vis spectra of the obtained hollow gold nano-
shells (b) and Ag nanoparticles (a) with sharp extinction
at 391 nm and bright yellowish brown, which were used
as sacrifice-template. The hollow gold nanoshells showed
an average zeta potential of −38.9 mv, suggesting a good
stability in suspension [18]. Moreover, the profile of
the size distributions was highly sharp while symmetric
(Additional file 1: Figure S1) and thus indicated that the
hollow gold nanoshells were well dispersed in suspension.
Internalization of Hollow Gold Nanoshells into HAECs
The matter with high electron density in membrane-
encircled cavities distinguished from the cellular structures
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was observed on TEM, which was consistent with the
previous report [7]. Figure 2 represents TEM images
between HAECs treated with 0.8 μg/mL hollow gold
nanoshells (Fig. 2c, d) and HAECs without hollow gold
nanoshell incubation (Fig. 2a, b). Moreover, no alterations
of membrane integrity and mitochondrial injury were
observed in HAECs treated with hollow gold nanoshells.
Effects of Hollow Gold Nanoshells on HAECs Viability by
MTT Assay
The cell viability of HAECs was 100.3 to 108.8 % when
incubated with hollow gold nanoshells (0.008, 0.016,
0.08, 0.16, and 0.8 μg/mL) for 24 h compared with that
in the control group (HAECs without hollow gold nano-
shells), as shown in Fig. 3a. To observe the effect of
duration of exposure, the cells were incubated with
0.8 μg/mL hollow gold nanoshells for 4, 24, 48, and
72 h, respectively (Fig. 3b). The data showed that there
was no decreasing cell viability that occurred at any test
time point and varied in a limited range from 99.6 to
105.9 % to control group. The results implied that there
was not significant cytotoxicity effect of hollow gold
nanoshells on HAECs, and the concentrations no more
than 0.8 μg/mL were harmless.
Effects of Hollow Gold Nanoshells on HAEC Injury Marker
and Vasoregulators
The LDH released from HAECs incubated with 0.8 μg/mL
hollow gold nanoshells for 24 h was not higher than that
from control cells (Fig. 4), which was in accordance with
Fig. 1 a The SEM image of as-obtained hollow gold nanoshells. Inset shows the image of these nanoshells at large magnification. b UV-vis spectra of
(a) Ag nanoparticles solution (b) hollow gold nanoshells solution. Insets shows corresponding electronic pictures of (c) Ag nanoparticles solution and
(d) hollow gold nanoshells solution
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the results of little cytotoxicity effect in MTT assay.
As shown in Fig. 4, two of the important vasodilators
released by ECs, NO and PGI-2, were not changed in
hollow gold nanoshells treated HAECs. The vasocon-
strictor ET-1 was significantly decreased in HAECs
treated with 0.8 μg/mL hollow gold nanoshell for
24 h (Fig. 4, p < 0.05 vs. control group).
Taken together, the results implied that the balance
between vasoconstrictor and vasodilator in HAECs,
which can maintain normal tension of blood vessel,
could be changed by hollow gold nanoshells. The sup-
pression of vasoconstrictor ET-1 releasing from arterial
ECs induces the dilation of blood vessel, which might be
a benefit for treating some cardiovascular diseases,
including hypertension [19] and atherosclerosis [20].
The mechanism for the reducing expression of ET-1 in
HAECs by hollow gold nanoshells treatment needs to be
further investigated.
In this study, the urea concentration in the HAECs
treated with 0.8 μg/mL hollow gold nanoshell for 24 h
was significantly higher than that in control cells (Fig. 4,
p < 0.01), which suggested that the function of urea
transporter in HAECs may be inhibited by hollow gold
nanoshell exposure.
Gene Expression on HAECs
The changes of gene expression related to apoptosis cas-
cade, endoplasmic reticulum (ER) stress, oxidative stress,
adhesion molecules, and calcium-handling proteins were
depicted in Fig. 5. After HAECs incubated with 0.8 μg/mL
hollow gold nanoshell for 24 h, most of the genes varied
between 0.5- to 2-fold compared to those of HAECs
without hollow gold nanoshell, exceptMAPK14 (mitogen-
activated protein kinase 14, MAPK14), MAP3K5
(mitogen-activated protein kinase kinase kinase 5),
CASP9 (caspase 9), and PTGS2 (prostaglandin-endo-
peroxide synthase 2). The expressions of MAPK14,
MAP3K5, and CASP9 in hollow gold nanoshells
treated HAECs decreased to less than 0.5-fold to
those of the normal control cells, which implied that
Fig. 2 The TEM images of HAECs incubated with hollow gold nanoshells for 24 h. a, b HAEC without hollow gold nanoshells. c, d HAEC incubated
with hollow gold nanoshells. The scale bars indicate 2 μm in a and c and 0.5 μm in b and d. n nucleus. Arrows denote the hollow gold nanoshells or
particulate matter
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the genes involved in apoptosis cascade were not
activated in this study. On the contrary, the expres-
sion of PTGS2, which encodes cyclooxygenase-2
(COX-2), increased to above twofold in hollow gold
nanoshell-treated HAECs. COX-2 is a key enzyme in
the synthesis of prostaglandins and thromboxanes
[21] and is induced by inflammatory stimuli such as
bacterial endotoxin and cytokines [22]. Endothelial
cell COX-2 promotes endothelial cell adhesion,
spreading, migration and angiogenesis through the
prostaglandin-cAMP-PKA-dependent pathway [23].
Previous research reported that the expression of
COX-2 could not be enhanced by gold nanoparticles
of varied sizes in RAW 264.7 mouse macrophages
Fig. 3 The cell viability of HAECs incubated with hollow gold nanoshells. Data are expressed as mean ± SD from independent experiments. Control values
from HAECs incubated without hollow gold nanoshells were defined as 1. a HAECs were incubated with DMEM containing the gradient concentrations of
hollow gold nanoshells for 24 h (0.008 to 0.8 μg/mL). b HAECs were incubated with DMEM containing 0.8 μg/mL hollow gold nanoshells for the indicated
times (4, 24, 48, 72 h). *p< 0.05 vs. control
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[24]. But a different result was reported on gold nanorod
[25]. The disparity may be related to the shape, size,
concentration, and duration of exposure of the gold nano-
particles. In this study, the hollow gold nanoshells
increased the expression of inducible COX-2 in HAECs. It
was noted that PTGS1, which encodes constitutive COX-1
isoform, could not be increased by hollow gold nanoshells
treatment in HAECs.
Up-regulation also occurred in the adhesion molecular
genes ICAM1 (intercellular adhesion molecule 1, ICAM-
1), VCAM1 (vascular cell adhesion protein 1, VCAM-1)
and SELE (endothelial-leukocyte adhesion molecule 1, E-
selectin), as shown in Fig. 5. Whereas, the expression of
ICAM-2 was slightly decreased by hollow gold nano-
shells treatment. ICAM-1 and -2 belong to integrin-
binding Ig superfamily adhesion molecules that are
important for leukocyte transmigration across endothe-
lial monolayers. ICAM-1 is expressed at very low levels
whereas ICAM-2 is expressed abundantly in the mem-
branes of resting endothelial cells [26, 27]. The ICAM-1
level was increased by proinflammatory cytokines, and
the ICAM-2 level was concomitantly decreased. In
endothelial cells, ICAM-1, but not ICAM-2, rapidly
stimulates signaling responses involving RhoA and alters
actin cytoskeletal organization [26]. VCAM-1 and E-
selectin are cell adhesion molecules expressed only after
the endothelial cells are stimulated by cytokines and
thus play an important part in inflammation. In this
study, the increasing expressions of ICAM-1, VCAM-1,
and E-selection suggested that hollow gold nanoshells
evoked similar effects to inflammatory stimuli or cyto-
kines in HAECs.
Effects of Hollow Gold Nanoshells on HAECs Tube
Formation
Angiogenesis is the formation of new capillaries from
preexisting blood vessels. This process involves the
migration, growth, and differentiation of endothelial cells
and may be induced by kinds of mediators including
cytokines, growth factors, and cell adhesion molecules.
Angiogenesis occurs in the process of development
and wound healing physiological conditions. However,
pathological angiogenesis plays an essential role in
tumor, retinopathy, and rheumatoid arthritis. There-
fore, the boost and inhibition of angiogenesis have
been the focus of basic and clinical research. The
tube formation assay is a convenient method to study
biochemical and molecular events associated with
angiogenesis in vitro. HAECs of control group (with-
out hollow gold nanoshells treatment, Fig. 6a) can
form a capillary-like network on Matrigel-coated wells
within 14 h. On the opposite, HAECs treated with
6 M urea (Fig. 6c) failed to form tubes due to its
high osmolality. Hollow gold nanoshell treatment
could not decrease the tubes formation of HAECs in
this study (Fig. 6b). The result of tube formation
assay suggested that the hollow gold nanoshells had
no effect on inhibiting angiogenesis of ECs.
Previous research [28] reported that nanogold bound to
heparin-binding growth factors like vascular endothelial
Fig. 4 The levels of injury marker, LDH, and vasoregulators in supernatant. The HAECs were incubated with 0.8 μg/mL hollow gold nanoshells for
24 h. Ratios relative to control cells (without hollow gold nanoshells) are shown. *p < 0.05 vs. control; **p < 0.01 vs. control
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growth factor 165 (VEGF165) and basic fibroblast growth
factor (bFGF) and inhibit their activity, whereas it did not
inhibit the activity of non-heparin-binding growth factors
like VEGF121 and endothelial growth factor (EGF). The
VEGF-induced angiogenesis was inhibited by gold nanopar-
ticles via inhibiting Akt phosphorylation [29, 30] and block-
ing VEGFR2 auto-phosphorylation to inhibit consequently
extracellular signal-related kinase 1/2 (ERK 1/2) activation
[31]. Gold nanoparticles coated with different functional
peptide are demonstrated to activate or inhibit in vitro
angiogenesis [32]. In this study, hollow gold nanoshells
Fig. 5 The fold changes in genes expression in HAECs incubated with
hollow gold nanoshells. The results were analyzed by the 2−ΔΔCT
method. Gene symbols and corresponding encoded proteins: MAP3K5
apoptosis signal-regulating kinase 1 (ASK1), TRAF2 tumor necrosis factor
receptor-associated factor 2 (TRAF2), DAB2IP ASK1-interacting protein
(AIP1), MAPK8 mitogen-activated protein kinase 8 (JNK1), MAPK9
mitogen-activated protein kinase 9 (JNK2), MAPK14 mitogen-activated
protein kinase 14 (p38 MAPK α), ERN1 endoplasmic reticulum to nucleus
signaling 1 (IRE1), BCL2 B cell lymphoma 2 (Bcl-2), BAX Bcl-2-associated X
protein (Bax), NKRF nuclear factor Kb repressing factor, TXN thioredoxin,
CTSB cathespin B, CYCS cytochrome C, CASP9 caspase-9, CASP3 caspase-3,
EIF2AK3 eukaryotic translation initiation factor 2α kinase 3 (PERK), ATF4
activating transcription factor 4, DDIT3 DNA-damage-inducible transcript
3 (CHOP), EIF2A eukaryotic translation initiation factor 2α, NOS3 nitric
oxide synthase 3 (eNOS), SOD1 super oxide dismutase 1 (SOD-1),
SOD2 super oxide dismutase 2 (SOD-2), ROMO1 reactive oxygen
species modulator 1, PTGS1 cyclooxygenase 1 (COX-1), PTGS2
cyclooxygenase 2 (COX-2), VCAM1 vascular cell adhesion molecule 1
(VCAM-1), ICAM1 intercellular adhesion molecule 1 (ICAM-1), ICAM2
intercellular adhesion molecule 2 (ICAM-2), SELE endothelial-leukocyte
adhesion molecule 1 (E-selectin), PLCG1 phospholipase C γ1, PLCG2
phospholipase C γ2, ITPR1 inositol 1,4,5-trisphosphate receptor type 1
(IP3R1), ITPR2 inositol 1,4,5-trisphosphate receptor type 2 (IP3R2), ITPR3
inositol 1,4,5-trisphosphate receptor type 3 (IP3R3), CALM1 calmodulin
1 (CAM1)
Fig. 6 Effect of hollow gold nanoshells on tube network formed
by HAECs cultured on Matrigel within 14 h. a HAECs can form a
capillary-like network on Matrigel-coated wells within 14 h. b No
obvious change to form networks by HAECs in the presence of
0.8 μg/mL hollow gold nanoshells. c The high urea solution (6 M urea)
was used as a positive control for inhibition of tube formation
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presented a different result on angiogenesis with other
nanogolds, which needs to be further investigated.
Conclusions
In this study, hollow gold nanoshells with a 35-nm
diameter and a 10-nm shell thickness were synthe-
sized based on galvanic replacement using silver
nanoparticles as sacrifice-template. The naked hollow
gold nanoshells can be internalized into the HAECs
without disrupting the cellular morphology and
membrane integrity. The secretion of vasoconstrictor
ET-1 was decreased in HAECs treated with hollow
gold nanoshells. Hollow gold nanoshells could sup-
press the expressions of genes related to apoptosis
and activate the expression of certain adhesion mole-
cules of HAECs. The angiogenesis by the HAECs
were not inhibited. Altogether, this study provides a new
shape of nanogold without impairing the structure and
major function of normal arterial endothelial cells, which
might be a potential tool for drug carrier.
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Abbreviations
bFGF: Basic fibroblast growth factor; DMEM: Dulbecco’s modified Eagle’s
medium; DMSO: Dimethyl sulfoxide; EGF: Endothelial growth factor;
ELISA: Enzyme-linked immunosorbent assay; ER: Endoplasmic reticulum;
ERK: Extracellular signal-related kinase; ET-1: Endothelin-1; HAEC: Human
aortic endothelial cells; HUVEC: Human umbilical vein endothelial cells;
LDH: Lactate dehydrogenase; MTT: 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide; NO: Nitric oxide; PBS: Phosphate
buffer solution; PGI-2: Prostacyclin I-2; SEM: Scanning electron
microscopy; TEM: Transmission electron microscopy; VEGF: Vascular
endothelial growth factor
Acknowledgements
This work was supported by the National Natural Science Foundation of
China (Nos. 81170220, 81100156, and 81471783), Natural Science Foundation
of Jiangsu province (No. BK20151587), Jiangsu Province Health Foundation
(RC2011075), and Priority Academic Program Development of Jiangsu Higher
Education Institutions.
Authors’ Contributions
The work presented here was carried out in collaboration between all
authors. CG, GG, XC, and DY conceived and designed the study. CG, ZG, and
HL prepared the hollow gold nanoshells. GG, HW, XL, and JX carried out the
laboratory experiments. CG, HW, GG, ZB, and XC analyzed the data and
interpreted the results. CG, HW, ZG, HL, XC, and DY wrote the manuscript. All
authors read and approved the final manuscript.
Competing Interests
The authors declare that they have no competing interests.
Author details
1Research Institute of Cardiovascular Disease, The First Affiliated Hospital of
Nanjing Medical University, 300 Guangzhou Road, Nanjing 210029, China.
2Department of Cardiology, The First Affiliated Hospital of Nanjing Medical
University, 300 Guangzhou Road, Nanjing 210029, China. 3The Second
Affiliated Hospital of Nanjing Medical University, Nanjing 210011, China.
4State Key Laboratory of Bioelectronics, School of Biological Science and
Medical Engineering, Southeast University, Nanjing 210096, China.
Received: 25 December 2015 Accepted: 7 September 2016
References
1. Petrarca C, Clemente E, Amato V, Pedata P, Sabbioni E, Bernardini G et al
(2015) Engineered metal based nanoparticles and innate immunity. Clin Mol
Allergy 13(1):13
2. Velasco-Aguirre C, Morales F, Gallardo-Toledo E, Guerrero S, Giralt E, Araya E
et al (2015) Peptides and proteins used to enhance gold nanoparticle
delivery to the brain: preclinical approaches. Int J Nanomedicine 10:4919–36
3. Cheng LC, Jiang X, Wang J, Chen C, Liu RS (2013) Nano-bio effects:
interaction of nanomaterials with cells. Nanoscale 5(9):3547–69
4. dela Paz NG, D’Amore PA (2009) Arterial versus venous endothelial cells. Cell
Tissue Res 335(1):5–16
5. Hirashima M, Suda T (2006) Differentiation of arterial and venous
endothelial cells and vascular morphogenesis. Endothelium 13(2):137–45
6. Lehle K, Straub RH, Morawietz H, Kunz-Schughart LA (2010) Relevance of
disease- and organ-specific endothelial cells for in vitro research. Cell Biol
Int 34(12):1231–8
7. Landgraf L, Muller I, Ernst P, Schafer M, Rosman C, Schick I et al (2015)
Comparative evaluation of the impact on endothelial cells induced by
different nanoparticle structures and functionalization. Beilstein J
Nanotechnol 6:300–12
8. Sultana S, Djaker N, Boca-Farcau S, Salerno M, Charnaux N, Astilean S et al
(2015) Comparative toxicity evaluation of flower-shaped and spherical gold
nanoparticles on human endothelial cells. Nanotechnology 26(5):055101
9. Bartczak D, Muskens OL, Nitti S, Sanchez-Elsner T, Millar TM, Kanaras AG
(2012) Interactions of human endothelial cells with gold nanoparticles of
different morphologies. Small 8(1):122–30
10. Klingberg H, Loft S, Oddershede LB, Moller P (2015) The influence of flow,
shear stress and adhesion molecule targeting on gold nanoparticle uptake
in human endothelial cells. Nanoscale 7(26):11409–19
11. Gong M, Yang H, Zhang S, Yang Y, Zhang D, Qi Y et al (2015)
Superparamagnetic core/shell GoldMag nanoparticles: size-, concentration-
and time-dependent cellular nanotoxicity on human umbilical vein
endothelial cells and the suitable conditions for magnetic resonance
imaging. J Nanobiotechnology 13:24
12. Fede C, Fortunati I, Weber V, Rossetto N, Bertasi F, Petrelli L et al (2015)
Evaluation of gold nanoparticles toxicity towards human endothelial cells
under static and flow conditions. Microvasc Res 97:147–55
13. Bartczak D, Sanchez-Elsner T, Louafi F, Millar TM, Kanaras AG (2011)
Receptor-mediated interactions between colloidal gold nanoparticles and
human umbilical vein endothelial cells. Small 7(3):388–94
14. Wan Y, Guo Z, Jiang X, Fang K, Lu X, Zhang Y et al (2013) Quasi-spherical silver
nanoparticles: aqueous synthesis and size control by the seed-mediated
Lee-Meisel method. J Colloid Interface Sci 394:263–8
15. Arsenijevic M, Milovanovic M, Volarevic V, Djekovic A, Kanjevac T, Arsenijevic
N et al (2012) Cytotoxicity of gold(III) complexes on A549 human lung
carcinoma epithelial cell line. Med Chem 8(1):2–8
16. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25(4):402–8
17. Baatout S, Cheta N (1996) Matrigel: a useful tool to study endothelial
differentiation. Rom J Intern Med 34(3-4):263–9
18. Sonavane G, Tomoda K, Makino K (2008) Biodistribution of colloidal gold
nanoparticles after intravenous administration: effect of particle size.
Colloids Surf B Biointerfaces 66(2):274–80
19. Chen DD, Dong YG, Yuan H, Chen AF (2012) Endothelin 1 activation of
endothelin A receptor/NADPH oxidase pathway and diminished
antioxidants critically contribute to endothelial progenitor cell reduction
and dysfunction in salt-sensitive hypertension. Hypertension 59(5):1037–43
20. Novo G, Sansone A, Rizzo M, Guarneri FP, Pernice C, Novo S (2014) High
plasma levels of endothelin-1 enhance the predictive value of preclinical
atherosclerosis for future cerebrovascular and cardiovascular events: a
20-year prospective study. J Cardiovasc Med (Hagerstown) 15(9):696–701
21. Ruegg C, Dormond O, Mariotti A (2004) Endothelial cell integrins and
COX-2: mediators and therapeutic targets of tumor angiogenesis. Biochim
Biophys Acta 1654(1):51–67
Gu et al. Nanoscale Research Letters  (2016) 11:397 Page 9 of 10
22. Caughey GE, Cleland LG, Penglis PS, Gamble JR, James MJ (2001) Roles of
cyclooxygenase (COX)-1 and COX-2 in prostanoid production by human
endothelial cells: selective up-regulation of prostacyclin synthesis by COX-2.
J Immunol 167(5):2831–8
23. Dormond O, Ruegg C (2003) Regulation of endothelial cell integrin function
and angiogenesis by COX-2, cAMP and Protein Kinase A. Thromb Haemost
90(4):577–85
24. Nishanth RP, Jyotsna RG, Schlager JJ, Hussain SM, Reddanna P (2011)
Inflammatory responses of RAW 264.7 macrophages upon exposure to
nanoparticles: role of ROS-NFkappaB signaling pathway. Nanotoxicology
5(4):502–16
25. Lee JY, Park W, Yi DK (2012) Immunostimulatory effects of gold nanorod
and silica-coated gold nanorod on RAW 264.7 mouse macrophages. Toxicol
Lett 209(1):51–7
26. Thompson PW, Randi AM, Ridley AJ (2002) Intercellular adhesion molecule
(ICAM)-1, but not ICAM-2, activates RhoA and stimulates c-fos and rhoA
transcription in endothelial cells. J Immunol 169(2):1007–13
27. Lawson C, Wolf S (2009) ICAM-1 signaling in endothelial cells. Pharmacol
Rep 61(1):22–32
28. Mukherjee P, Bhattacharya R, Wang P, Wang L, Basu S, Nagy JA et al
(2005) Antiangiogenic properties of gold nanoparticles. Clin Cancer Res
11(9):3530–4
29. Pan Y, Wu Q, Qin L, Cai J, Du B (2014) Gold nanoparticles inhibit
VEGF165-induced migration and tube formation of endothelial cells
via the Akt pathway. Biomed Res Int 2014:418624
30. Pan Y, Ding H, Qin L, Zhao X, Cai J, Du B (2013) Gold nanoparticles induce
nanostructural reorganization of VEGFR2 to repress angiogenesis. J Biomed
Nanotechnol 9(10):1746–56
31. Kim JH, Kim MH, Jo DH, Yu YS, Lee TG, Kim JH (2011) The inhibition of
retinal neovascularization by gold nanoparticles via suppression of VEGFR-2
activation. Biomaterials 32(7):1865–71
32. Bartczak D, Muskens OL, Sanchez-Elsner T, Kanaras AG, Millar TM (2013)
Manipulation of in vitro angiogenesis using peptide-coated gold
nanoparticles. ACS Nano 7(6):5628–36
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
Gu et al. Nanoscale Research Letters  (2016) 11:397 Page 10 of 10
